An examination of the anatomy of the atrial, ventricular, and Purkinje cells reveals that the internal composition of all cardiac myofibers is qualitatively the same: all have a single nucleus, sarcomeric and mitochondrial units, and a well-developed sarcoplasmic reticulum. There are important differences, however, in the extent and distribution of the cell membrane and its derivatives in the myofiber. The presence or absence of a transverse tubular system and the variation in the number and type of intercellular linkages explain at least some of the characteristic electrical and functional properties of individual types of cells. The overall pattern of cellular.organization in working atrial, ventricular, and conducting tissue is reviewed, and possible anatomic bases for current theories of normal and abnormal impulse generation and conduction in the heart are discussed.
N ORMAL CARDIAC beating depends on the coordinated activity of four principal cell types in the myocardium: first, the primitive cells of the sinoatrial node, which are postulated to initiate the heart's rhythm; secondly, the Purkinje cell, the principal component of the specialized conducting pathways over which the pacing impulse is rapidly and preferentially propagated; and third and fourth, the ordinary working cells of the atrium and the ventricle, which have primarily a contractile function and perform mechanical work. Knowledge of the important anatomic and physiologic differences between these cell types is essential to a better understanding both of how normal rhythm is generated and maintained and how abnormal rhythms arise and are perpetuated in the heart.
Although the principal roles of pacing and/or conducting cells and the working cardiac cells are quite different, many of their ultrastructural features are identical. In addition to a single nucleus, all myofibers contain orderly rows of sarcomeres, the contractile units of the cell; all have mitochondria which generate the energy for cell work; and Supported by a grant from the New York Heart Association. Dr. Legato is the recipient of a Research Career Development Award from the National Heart and Lung Institute of the National Institutes of Health.
Intercalated disc
Transverse tubular system all have a sarcoplasmic reticulum whose activity is responsible for cell relaxation. It is principally in the nature and distribution of the cell membrane and its derivatives that the two groups differ, and it is these differences which are relevant to the genesis of normal and abnormal rhythms and impulse conduction. We will, therefore, after describing the important anatomic characteristics of the four types of myofibers, consider in detail the sarcolemma and its two derivatives, the one wholly intracellular (the transverse tubular system) and the other the link between cells, the intercalated disc.
The Myofiber: Ultrastructural Characteristics
The "P" Cell
Thomas James has described a population of cells in both the sinus' and the A-V nodes,2 which have a distinctive and rather primitive appearance. It is probable, although not certain, that these cells are the pacemaking units of the sinus node. They are round or elliptical, do not branch, and are characterized by the relative absence of electrondense material in the cytoplasm. Apart from a large, eccentrically placed nucleus, they contain only infrequent, small mitochondria and a sparse population of randomly aligned myofibrils which are only a few sarcomeres in length. Because of the empty appearance of their sarcoplasm in comparison to the other cells of the heart, James calls these "pale" or "P" cells. He pointed out both the paucity 1 ). There are also occasional short, end-to-end junctions between these myofibers which resemble the more usual type of intercalated disc found in ventricular myofibers in that they are perpendicularly oriented to the long axis of the cell and have a stepwise, rather than a straight overall configuration. These are less frequent than the horizontally oriented intercellular junctions. The intercellular Cifculation, Volume XLVIJ, January 1973 spaces between the cell bundles are filled with collagen, which is strikingly abundant in the atria and in which is embedded the network of nerves and capillaries which supplies the tissue.
The pattern of intercellular connections in atrial tissue allows for impulse transmission through both end-to-end and side-to-side connections between cells. It would seem, therefore, that there is more opportunity in atrial than in ventricular tissue for disorganized patterns of impulse transmission and for reentrant stimulation, the summation of impulses and depressed conduction through one or more of the intercellular pathways. This diversity and relative abundance of contact between the surface areas of adjacent cells may help to explain the persistence for many years of a disorganized rhythm like fibrillation in atrial tissue.
The Ventricular Cell
The ventricular cell is the longest of all those in the heart, and on occasion reaches lengths of 100 ,.
In contrast, its average diameter (10) (11) (12) (13) (14) (15) pA) is intermediate between that of the smaller atrial cell and the wider Purkinje myofiber.
The entire organization of tissue and the system of intercellular linkages differs from those in the atrium. Ventricular myofibers are closely packed in an arrangement of broad sheets of branching cells joined, not side-to-side, but most frequently end-toend by specialized intercellular junctions, the intercalated discs. The discs in this tissue have a characteristic stepwise configuration: the long, intermediate portions, in which there is no connection between sarcolemmae, lie along the long axis of the adjacent cells, while the majority of desmosomal and nexal junctions which form the specialized segment of the disc are oriented perpendicularly to the myofiber, at right angles to the unspecialized areas of the junction ( fig. 2) .
The bulk of the ventricular cell is filled with alternating rows of sarcomeres and mitochondria. There is a well-developed transverse tubular system, so abundant that there is a portion of a T tubule for each sarcomere. At the level of the sarcomere the T tubule comes into intimate apposition with the specialized cufflike modifications of the sarcoplasmic reticulum called "lateral sacs" to form the characteristic so-called "triads"
and "diads. There are areas of Purkinje tissue with a mosaic-like arrangement of cells. Adjacent sarcolemmal membranes, although they do not form specialized desmosomal or nexal junctions, are no further than 300-400 A apart along extensive portions of their surfaces in such sections of the myocardium. This type of cellular organization is frequent in Purkinje tissue and may be a factor in the rapid speed of conduction in these fibers, as is, no doubt, the complex and extensive intercalated disc joining Purkinje cells ( fig. 3, top) .
Berger has described a population of atrial cells in the rat which are found in the subendocardial muscle layer, and which have many of the characteristics of the Purkinje cells of the ventricle.7
Circulation, Volume XLVII, January 1973 He postulates that these may be the type of cell which makes up the tissue responsible for rapid and specialized conduction in the atrial myocardium and, although this has not been proven by correlative electrophysiologic evidence, there is a good morphologic basis on which to base this assumption.
The Cell Membrane and its Derivatives:
The Transverse Tubular System and the Intercalated Disc The Sarcolemma
The cardiac cell membrane, or sarcolemma, is a chemically and structurally complex barrier between the contents of the myofiber and the extracellular space. By virtue of its selective permeability to charged particles, it maintains an asymmetry in ionic concentration between the interior and exterior of the cell. Excitation is mediated by a series of rapidly and highly organized variations in sarcolemmal permeability to various types of ionic species (both positively and negatively charged) which are time and voltage dependent. These changes produce sequential alterations in the electrical potential across the cell membrane known collectively as the action potential.
Atrial, ventricular, and Purkinje cells all have well-defined, different, and characteristic action potentials. It is probable, therefore, that the ionic permeability characteristics of their sarcolemmae vary, at least quantitatively, at any given time in the sequence of the generation of the action potential, and evidence has recently been offered to show that this is indeed the case.8 This further implies differences in sarcolemmal composition and architecture. The nature of these differences is, at the moment, completely obscure; and we cannot explain either on an ultrastructural or biochemical basis the observed differences in action potentials between the various kinds of myocardial cells. Indeed, our knowledge is very incomplete regarding which specific ions and in what concentrations these ions are carried across the cell membrane during excitation and the return to the resting state.
The sarcolemma of all myocardial cells has two layers in electron micrographs; a thin, electrondense plasma membrane and a much thicker outer layer of amorphous material that coats the outermost aspect of the myofiber, the perimembrane or basement membrane (fig. 4, top) .
The plasma membrane has the basic structure of the unit membrane and is built around an inner LEGATO t. 1 The origin of the transverse tubular system, a derivative of the sarcolemma whose lumen is filled with perimembrane and lined with plasma membrane, has prompted three important assumptions among cardiac physiologists which are either being modified or wholly rejected as new data accumulate.
First, since the cell membrane at the surface of the cell is contiguous with that of the transverse tubule, it was generally felt that the ionic permeabilities of both were identical and that the depolarizing impulse was propagated in exactly the same manner over the sarcolemma and the membrane of the transverse tubular system. Second, it was held that the extracellular compartment, which is not restricted to the surface of the cell with a T system but extends downward to all levels of the myofiber via the T-tubular lumen, was of the same composition in the transverse tubular system as it was at the cell surface. Third, the proximity of the T tubules to the calcium storage depots of the lateral sacs of the sarcoplasmic reticulum prompted the assumption that excitation, mediated throughout the myofiber over the T system, caused the release of calcium ion from the lateral sacs to the area of the myofilaments, thus engendering contraction. The diadic and triadic units of the ventricular myofiber, therefore, were postulated to be the anatomic substrate for excitation-contraction coupling in the cell.
It may be that neither the perimembrane nor the plasma membrane of the transverse tubular system, although in direct continuity with the sarcolemma, is identical with the cell membrane at the surface of the myofiber. The lumen of the transverse tubules in the rat, for example, shows nucleoside monophosphatase activity, which the perimembrane at the surface of the cell does not." Howse has shown that reuthenium red, which stains the sarcolemma, does not stain the plasma membrane that lines the transverse tubular system. 9 It is demonstrated that the ionic permeabilities of the T system are not identical with those of the sarcolemma. With respect to the movement of ions between the T-tubular lumen and the extracellular space at the cell surface, the perimembrane does not allow unmodified and unrestricted diffusion of either charged or uncharged particles throughout the system, so that the composition of the extracellular compartment in the body of the myofiber may not be identical to that at the surface of the cell. Chloride deprivation, for example, causes selective dilatation of the transverse tubular lumen in both skeletal'2 and cardiac'3 muscle.
The observation that neither Purkinje cells nor, almost without exception, atrial cells, have a It is interesting to make the observation that ventricular cells grown in tissue culture, at the time that they are beating in a coordinated fashion and thus are obviously capable of spontaneous depolarization, do not have a transverse tubular system.14 In contrast, the adult ventricular myofiber has no specialized pacemaking ability, and one might speculate that with the development of a transverse tubular system (which occurs, at least in some species, in postnatal life) the ability of phase 4 spontaneous depolarization is lost. This, like all other current thoughts about the function of the T system, requires further investigation.
The Intercellular Junction
The intercalated disc, the intricate and highly specialized sarcolemmal derivative joining cells in the heart, is unique to cardiac tissue. It has three specialized types of intercellular connections: the fascia adherens, the desmosome, and the nexus.
The fasciae adherentes are the portions of the disc into which the thin filaments of the terminal sarcomeres of the cell insert. They have no role in impulse transmission between cells, but serve only to supply the anchoring Z substance for myofilaments.
The desmosome (fig. 4, middle) conceivable that the lateral sacs at the periphery of the cell (whether along the intercalated disc, the unmodified sarcolemma at the cell surface, or the transverse tubular system) by regulating the calcium concentration at the interior of the cell membrane, may determine the permeability characteristics and electrical resistance of all the membrane systems involved in excitation and the intercellular transmission of impulses. The role of the lateral sacs of the sarcoplasmic reticulum needs much more clarification.
Since we do not know what kind of intercellular link is the one required for cell-to-cell transmission, it is not possible to relate the speed of conduction in any type of cardiac tissue to the number and kind of specialized intercellular junctions. It seems probable that the fewer and more simple the intercellular junctions, the slower the conduction through the tissue. Thus James reasons that the slow speed of impulse transmission through the sinus node is due to In summary, cardiac tissue is morphologically heterogeneous. The electrical properties of the myofiber, the overall pattern of cellular organization, the type and extent of intercellular linkages, and the systems of sarcolemmal derivatives in atrial, ventricular, and Purkinje tissue all differ; it is these differences which are essential to the generation and maintenance of normal rhythm and conduction in the heart. As our knowledge of ultrastructural detail increases, we can postulate the anatomic bases for the emergence of ectopic pacemakers, the potential pathways for the initiation and perpetuation of abberant conduction through the tissue, and the structural reasons for the tendency of some abnormal rhythms to persist, while others are very transient. A detailed knowledge of the ultrastructure of the myofiber is more and more information which contributes significantly to our understanding of both normal and aberrant cardiac function.
